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We  present  a  device  concept  for  scanning  large  (>!  cm)  laser  beams  using  a  domain 
microengineered  ferroelectric  device.  In  our  design,  the  large  input  beam  is  divided  into  smaller 
beamlets,  which  are  then  individually  deflected  through  an  angle,  and  then  recombined  in  the 
far-field  to  reconstruct  the  large  beam.  As  a  demonstration  of  this  concept,  a  five-stage  cascaded 
rectangular  domain  micropattemed  scanner  device  with  13  beamlet  channels  was  fabricated  in 
LiTa03  and  was  demonstrated  to  deflect  a  1.064  ptm  infrared  laser  beam  by  a  total  of  10.3°  at 
5.39  kV/mm.  ©  2005  American  Institute  of  Physics ,  [DOI:  10,1063/1. 1935033] 


Electro -optic  prism  deflectors  based  on  domain  inverted 
ferroelectric  crystals  have  been  shown  to  control  the  angular 
position  of  a  laser  beam  in  one  dimension  with  high  preci¬ 
sion  and  speed.1-5  These  devices  have  several  advantages 
over  mechanical  gimbals  and  other  systems  including  com¬ 
pact  device  size,  high  operating  speeds  (intrinsic  response 
speeds  of  >10  GHz),6  and  non  inertial  deflection. 

These  devices,  however,  have  strict  requirements  on  the 
beam  size— both  in  the  vertical  (thickness)  direction  and  in 
the  plane  of  the  device.  The  crystal  thickness  limits  the 
aperture — thicker  crystals  increase  the  aperture  but  also  in¬ 
crease  the  driving  voltages.  In  the  plane  of  the  device,  the 
deflection  angle  is  inversely  related  to  the  width  of  the  do¬ 
main  prisms/  This  leads  to  a  tradeoff  between  aperture  size 
and  deflection  angles  and  limits  the  device  apertures  to 
50-500  ^tm  for  achieving  angles  of  l°-5°.  While  such  small 
beam  sizes  are  acceptable  for  applications  requiring  smaller 
spot  sizes  and  medium  laser  powers  (such  as  optical  commu¬ 
nications,  optical  data  storage,  and  analog- to -digital  conver¬ 
sion)  deflecting  larger  or  higher  power  laser  beams  is  a  chal¬ 
lenge  for  this  technology. 

The  proposed  device  concept  for  steering  wide  aperture 
beams  in  the  device  plane  is  to  split  the  beam  into  many 
smaller  beamlets  which  are  then  scanned  separately  by  an 
array  of  individual  prism  scanners  as  shown  in  Fig,  1.  Each 
individual  beamlet  is  deflected  separately,  and  ail  the  de¬ 
flected  beamlets  are  then  recombined  to  form  a  single-large 
beam  in  the  far  field.  The  path  lengths  of  all  of  the  beamlets 
through  the  device  are  designed  to  be  exactly  equal,  resulting 
in  equal  relative  phase  shifts  upon  deflection.  Any  small  dif¬ 
ferences  in  phase  can  be  compensated  by  using  an  electro¬ 
optic  phase  shifter  for  each  beamlet.  This  approach  is  similar 
to  phased  array  scanning  where  the  beam  is  separated  and 
delayed  in  the  individual  channels  so  that  the  resultant  beam 
has  a  shifted  phase  front/  Each  individual  scanner  channel 
can  be  composed  of  any  of  the  different  scanner  designs 
discussed  in  the  literature,1*7'9  the  only  requirement  being 
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that  each  beamlet  channel  must  avoid  overlapping  any  other 
channel. 

The  principle  of  electro- optic  scanning  using  ferroelec¬ 
tric  domain  prisms10  is  as' follows:  In  LiNb03  and  LiTa03 
ferroelectric  crystals,  two  oppositely  oriented  directions  of 
the  spontaneous  polarization,  ±PSi  are  along  the  optical  c  (or 
3  or  e)  crystallographic  axis.  Under  a  uniform  electric  held, 

applied  across  the  crystal,  an  electric-field  tunable  index 
difference,  A ne=n3e  r33  E3,  between  the  two  domain  states  is 
created,  where  ne  is  the  extraordinary  index  and  rS3  is  the 
appropriate  electro-optic  coefficient  If  domains  are  in  the 
shape  of  prisms  (see  Fig.  1),  the  index  change  at  every  do¬ 
main  will  deflect  the  light  at  an  angle  that  depends  on  the 
applied  electric  field.  The  total  output  angle  of  a  device  com¬ 
posed  of  a  series  of  prisms  is  given  by 


A  neNL 
ne  Wy 


(I) 


where  N  is  the  number  of  prisms,  L  is  the  length  of  each 
triangle  device,  and  W  is  the  width  of  each  triangle/ 

A  five-stage  cascaded  rectangular  domain  micropat¬ 
temed  scanner  device  with  13  beamlet  channels  was  de- 


FIG.  1.  BPM  simulation,  of  a  5 -stage,  13 -beamlet  scanner  showing  full 
deflection  at  5  kV7 mm.  The  polarization  direction  of  the  crystal  is  perpen¬ 
dicular  to  the  page,  with  the  area  enclosed  by  the  triangles  opposite  in 
spontaneous  polarization  (P,>  to  the  rest  of  the  device.  The  peak  deflection  is 
10.13°  in  one  direction.  The  inset  is  the  photolithographic  mask  fabricated 
for  this  device  that  shows  two  adjacent  scanner  channels. 
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TABLE  L  Specification  of  beamlet  scanner. 


Stage 

1 

Stage 

2 

Stage 

3 

Stage 

4 

Stage 

5 

Total 

Field  (kV/mm) 

5 

5 

5 

5 

5 

5 

Width,  D(mm) 

0.444 

0.410 

0.383 

0.362 

0.348 

8,31 

Stage  length,  Ls  (mm) 

1 1,16 

IQ.21 

9,45 

8,85 

8.41 

50 

Internal  deflection  (°) 

0,96 

0.95 

094 

0,93 

0.92 

4,70 

External  deflection  (°) 

2.06 

204 

2.02 

2,00 

1.98 

10.10 

signed  and  fabricated  to  deflect  a  1.064  /xm  infrared  laser 
beam  by  a  total  of  - 10°.  The  incident  beam  that  was  steered 
in  this  work  was  6,5  mm  wide  in  the  crystal  plane  (though 
any  width  beam  can  be  steered  in  general  with  this  ap¬ 
proach).  This  beam  was  divided  into  13  separate  beamlets  by 
a  microlens  array  with  0.5  mm  spacing  of  cylindrical  lenses 
of  —50  mm  focal  length. 

Shown  in  Fig.  1  is  a  beam  propagation  method  (BPM) 
simulation1 1+12  of  the  designed  device  with  5  kV/mm  applied 
to  each  scanner  element  with  the  index  of  refraction,  rte 
=24403,  and  rjj=29.14  pm/V  for  light  at  1.064  /xm  taken 
from  tabulated  data. 13  Specification  of  each  of  the  individual 
scanner  stages  is  given  in  Table  I.  Notice  that  the  width  of 
each  scanner  decreases  slightly  to  accommodate  the  width  of 
the  focused  beam  in  each  scanner  channel.  Each  channel  is 
composed  of  equilateral  triangles  with  height  and  width 
equal  to  the  width  of  the  channel,  D, 

The  beamlets  were  focused  into  a  single  electro-optical 
device  and  were  steered  using  an  applied  voltage.  This  cas¬ 
caded  scanner  required  a  synchronized  bias  supply  for  con¬ 
tinuous  steering  operation  of  the  laser  beam,  i.e.,  each  suc¬ 
cessive  scanner  stage  must  be  ramped  from  0  V  bias  to  peak 
bias  only  after  the  previous  stage  is  at  full  bias.  A  five-stage 
compact  programmable  voltage  driver  was  designed  and  fab¬ 
ricated  in  a  previous  study  and  detailed  in  the  literature,  but 
was  unavailable  for  this  study.14  However,  the  device  was 
tested  with  the  following  configurations:  Voltage  applied  to 


Stage  1  only,  Stages  1+2,  Stages  1+2+3,  Stages  1+2+3 
+4,  and  Stages  1+2+3+4+5.  The  maximum  deflection  for 
each  stage  and  for  the  total  device  were  measured  and  com¬ 
pared  with  the  theory. 

Without  any  applied  voltage,  the  beam  let  formation  pro¬ 
cess  by  the  beamlet  lens  array  was  first  analyzed  as  a  func¬ 
tion  of  distance  from  the  output  end  of  the  beam  steering 
device.  It  was  found  that  the  micro  lens  array,  which  divided 
the  beam  into  beamlets,  introduced  a  complex  phase  front 
structure  to  the  beam,  but  distinct  beamlet  formation  was 
observed  after  a  distance  of  —275  mm  from  the  output  of  the 
device.  Far-field  images  of  the  beam  were  taken  by  imaging 
the  focal  point  of  a  lens  if  =1.5  cm)  placed  at  a  distance  of 
—30  cm  from  the  microlens  array.  The  13  beamlets  emerging 
from  the  beamlet  microlens  array  [Fig.  2(c)]  merge  into  five 
beamlets  in  the  far  field  without  a  device  [Fig.  2(a)]  or  with 
a  device  [Fig,  2(b)].  This  arises  mainly  due  to  the  introduc¬ 
tion  of  phase  distortions  by  the  beamlet  roicrolens  array  itself 
(without  the  device),  as  was  observed  experimentally  and 
confirmed  by  BPM  simulations.  The  introduction  of  active 
electro-optic  phase  control  for  each  beamlet  can  be  imple¬ 
mented  to  compensate  for  these  phase  effects  and  obtain  a 
single  beam  in  the  far  field.  The  scanning  of  the  beam  for 
various  bias  fields  is  shown  in  Fig.  2(c)  taken  with  a  Cohu 
Model  ER-5001  camera  in  a  plane  at  a  fixed  distance  from 
the  exit  face  of  the  device. 

The  steering  was  tested  in  a  continuous  manner  for  the 
first  stage  and  is  shown  in  Fig,  3(a).  The  measured  deflection 
angle  versus  voltage  for  Stage  1  agrees  well  with  theory. 
Figure  3(b)  shows  a  plot  of  the  deflection  angle  as  a  function 
of  the  number  of  activated  stages  running  at  ball  bias  voltage. 
The  peak  deflection  was  10.3°  at  5.39  kV/mm.  The  experi¬ 
ments  were  performed  at  5.39  kV/mm,  which  gives  a  slight 
increase  of  4.7%  in  the  observed  deflection  angle  over  the 
value  when  operated  at  5  kV /mm.  This  increase  in  deflection 
for  fields  above  the  designed  value  of  5  kV/mm  is  due  to  the 
fact  that  the  scanner  channel  widths  were  designed  and  fab¬ 
ricated  to  be  60%  larger  than  the  focused  beam  waist  as 


0.50  kV 

0.75  kV 

1.00  kV 

ns  kv 

1.50  kV 


FIG.  2.  (a)  Far-field  images  taken  of  die  complex  beam  pattern  introduced  by  the  microlens  anay  as  imaged  at  the  focal  point  of  a  lens,  (b)  Shows  the  far-field 
beam  image  with  the  addition  of  the  device.  Both  images  (a)  and  (b)  are  attenuated  equally  and  are  5.4  X  7,5  mm.  Shown  in  (c)  is  beamlet  steering  for  various 
applied  voltages.  The  horizontal  panel  size  is  8.25  mmX  1.87  mm  in  (c).  The  last  panel  in  (c)  is  taken  with  camera  saturation  so  that  all  13  beamlets  can  be 
seen. 
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FIG,  3.  (a)  Deflection  angle  vs  applied  voltage  across  only  Stage  l  of  the  beamlet  device,  (b)  Deflection  angle  vs  the  number  of  steering  stages  activated  in 
the  beamlet  device. 


calculated  from  simple  Gaussian  optics  using  the  specified 
focal  length  of  the  cylindrical  lens  array.  This  allows  for  the 
application  of  slightly  higher  fields  than  the  design  specified 
field.  However,  this  deflection  angle  is  —4%  smaller  than  the 
expected  calculated  value  for  a  field  of  5,39  kV/mm.  We 
believe  this  is  due  to  the  higher  operating  field  of 
5,39  kV/mm  deflecting  the  beamlets  out  of  the  steering  por¬ 
tion  of  the  device.  Beyond  an  estimated  field  of 
5.27  kV/mm*  no  additional  deflection  can  be  obtained,  and 
that  is  the  deflection  we  observe  experimentally 

The  input  and  output  faces  of  the  beam  steering  device 
were  not  anti  reflection  coated  for  L064  /tm  wavelength  and 
this  resulted  in  13.2%  loss  at  each  face.  With  these  reflection 
losses  taken  into  account,  the  total  insertion  losses  at  zero 
bias  were  measured  to  be  less  than  5%.  Ferroelectric  do¬ 
mains  in  congruent  LiTa03  are  known  to  scatter  some  light, 
and  crystal  annealing  at  300-400  °C  for  12-24  h  eliminates 
such  losses.5  The  power  loss  while  scanning  was  approxi¬ 
mately  15%  for  the  hill  10.3°  of  scanning  at  5.39  kV/mm. 
The  output  face  of  the  crystal  was  polished  inadvertently  at 
an  angle  of  1.82°  relative  to  the  fabricated  channels,  which 
resulted  in  an  overall  incident  angle  {to  surface  normal  of  the 
output  face)  inside  the  crystal  of  6.58°  at  maximum  deflec¬ 
tion.  Using  Fresnel  reflection  equations  for  transverse  elec¬ 
tric  polarization,  we  estimate  that  the  difference  in  reflec¬ 
tance  R  between  zero  deflection  and  maximum  deflection 
will  be  —0.84%,  which  does  not  explain  the  observed  power 
loss  on  steering.  We  observed  experimentally  that  the  in¬ 
creased  loss  arose  because  some  fraction  of  light  (—15% 
power)  did  not  steer  fully,  and  formed  a  background  streak. 
This  is  not  expected  from  the  device  design,  if  the  initial 
beamlets  are  fully  contained  within  the  channels.  One  prob¬ 
able  reason  for  the  loss  is  that  the  phase  front  and  intensity 
profile  of  the  light  beam  within  100-150  mm  of  the  beamlet 
array  (near  field)  are  quite  complex,  [see  Fig.  2(a)]  and  some 
fraction  of  light  may  not  be  properly  traversing  through  the 
steering  channels. 

The  convergence  of  the  individual  beamlets  to  form  a 
coherent  beam  of  larger  diameter  in  the  far  field  for  arrays  of 
polished  prism  deflectors  and  phased  optical  antennas  has 
been  shown  previously. 15+16  The  exact  pattern  in  the  far  field 
is  shown  to  be  a  function  of  the  beamlet  number,  spacing, 
and  channel  width.  The  phases  of  the  beamlets  converging  to 
an  angle  0  (in  the  far  field)  from  two  adjacent  channels  sepa¬ 
rated  by  D  are  normally  shifted  by  the  amount  kDO  where  k 
is  the  wave  number.  This  gives  rise  to  an  interference  pattern 
and  a  modulation  of  the  intensity'.  However,  the  component 


waves  can  be  brought  back  into  phase  by  integrating  small 
phase  shifting  electro -optic  patches  prior  to  each  steering 
channel.  These  pads  were  not  included  in  the  current  design, 
but  future  work  will  incorporate  these. 

In  summary,  we  have  demonstrated  10.3°  of  beam  steer¬ 
ing  of  1 ,064  fj. m  laser  light  using  a  beamlet  approach.  A 
large  5.5  mm  incident  beam  was  split  into  13  beamlets,  0,5 
mm  apart,  and  all  were  steered  synchronously  at 
5.39  kV/mm,  There  is  no  limit  to  the  number  of  beamlets, 
and  hence  no  limits  on  the  incident  beam  size  in  the  crystal 
plane  in  using  this  design  approach.  Demonstration  of  this 
beamlet  scanner  is  a  critical  step  towards  realizing  large  ap¬ 
erture,  large  angle  beam  steering.  Further  device  design  im¬ 
provement  can  potentially  increase  these  steering  angles  to 
30°-40°.  Stacking  several  such  scanners  devices  in  the  thick¬ 
ness  direction  will  allow  large  aperture  beams  in  the  thick¬ 
ness  direction  as  well. 
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